The in-wheel switched reluctance motor (IWSRM) has significant potential for utilization in electric vehicle (EV) because of its inherent advantages such as low cost, robustness, wide speed range, and direct drive mode. However, the unbalanced radial force caused by eccentricity of IWSRM results in increasing vehicle vibration and decreasing riding comfort. In this paper, various vertical vibration control strategies for IWSRM are proposed and compared to improve the vibratory behavior of vehicle. First, effects of eccentricity ratio and eccentric angle on radial force, torque, and inductance are investigated by numerical analysis method for IWSRM. Then, IWSRM model, vehicle model, and suspension model are developed, based on which two common control algorithms (i.e. CCC and PWM) are provided and used as benchmarks to compare with the newly proposed two (i.e. CCC-F and PWM-F). They are designed by introducing the vehicle vertical acceleration as an extra control objective. Finally, the dynamic response of four control strategies are analyzed and the comparison results show that each of them performs differently under different driving conditions. As a result, a switchable controller based on the proposed control algorithms is presented to improve the overall performance of the IWSRM for EVs under various driving modes.
I. INTRODUCTION
Compared with traditional vehicles, electric vehicles (EVs) have great potentials to change the automotive industry thanks to the advantages such as less environment pollution, lower noise, and higher efficiency [1] - [3] . Recently, in-wheel switched reluctance motor (IWSRM) with features e.g. integrated configuration, low cost, high torque density, efficient power transfer, and direct drivetrain system, has become a promising choice for in-wheel motors (IWMs) applications [4] , [5] . However, IWSRM also suffers from high torque ripple and unbalanced radial force caused by a great nonlinear step-by-step magnetic field [6] - [8] . The resultant vibration from IWSRM will greatly influence the drive and comfort performance of EVs.
The associate editor coordinating the review of this manuscript and approving it for publication was Xiaodong Liang . In the past decade, vibration suppression of IWSRM itself has been studied by various methods, including structure optimization [9] - [11] , power converter design [12] , [13] , and control strategies [7] , [8] , [14] , [15] . However, differing from the centralized SRM drive system, IWSRM is coupled with vehicle suspension. Therefore, the vibration suppression should be investigated by considering IWSRM and suspension as a whole. The unbalanced electromagnetic force and intensified unsprung mass from the coupled IWSRM-suspension system can directly cause deterioration in ride comfort of vehicle. To improve the IWM-suspension performance, the mutual effects between the IWM and the suspension have been researched in [16] - [19] , and the effect principle of unbalanced radial force on vehicle vertical performance was presented under various conditions. Meanwhile, many active control methods for suspension have been developed to improve the dynamic performance of the VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ whole system. In [20] and [21] , H∞ control theory was applied to achieve active control for the suspension equipped with IWM, and the results showed considerable improvement in performance was achieved. In [22] , a semi-active vibration control strategy for IWSRM was proposed based on a dynamic vibration absorbing structure to effectively improve ride comfort and reduce the SRM vibration. In [23] , for reducing the SRM vertical vibration, a linear quadratic gaussian controller was proposed for electromagnetic active suspension to suppress the unbalanced radial force. On the other hand, various dynamic vibration absorbing structures are presented to improve dynamic performance of integration system. The stator of IWM was connected to either sprung mass or unsprung mass by using novel dynamic vibration absorbing structure in [24] and [25] , the results showed the vehicle ride comfort and road handling were both improved. A novel topology scheme was proposed and an optimal matching design between the suspension and the rubber bushing was employed for the novel system on the basis of good ride quality and comfort in [26] and [27] . Reference [28] presented a comparative study for different types of dynamic vibration absorbing structures with the previously neglected motor dynamics and showed that by placing the structure between the stator and the unsprung mass, the system could achieve better performance. As mentioned above, previous studies have demonstrated obvious improvements in the IWSRM-suspension performance by principle analysis, suspension active control, and using vibration absorbing structures. However, the control strategy of motor also plays an important role in suppressing the vibration. In [29] , a combined vibration feedback control strategy was proposed by using current chopping control (CCC) method, which can effectively reduce radial force and ensure vehicle performance. In [30] , two kinds of control strategies, combining feedback control method with independent phase current chopping were proposed, simulation results revealed that the proposed approaches can prevent further enlargement of airgap deformation and unbalanced electromagnetic excitation. To quickly generate the maximum torque in starting period of SRM, CCC method is commonly applied to control current of each phase, but it could cause intense vibration. Comparing to CCC, pulse width modulation (PWM) may help to reduce vehicle vibration as phase current increases steady. Therefore, this paper proposes an improved PWM control method for IWSRM in starting period to suppress the vehicle vertical vibration. In addition, as a supplementary method for CCC or PWM, angle position control (APC) is employed to further reduce vehicle vibration in this paper. To the best of authors' knowledge, APC method has not been optimized to improve vehicle vibration control. The new developed controllers (CCC-F and PWM-F) are compared with conventional ones (CCC and PWM). The comparison results show that each of them performs differently under different conditions. As a result, a switchable controller of IWSRM is proposed based on driving modes. This paper is organized as follows: firstly, the IWSRM model and its characteristics are presented in Section II. Then, the effects of motor eccentricity on radial force, torque, and inductance are analyzed in Section III. The vertical response of vehicle caused by unbalanced radial force is introduced in Section IV. Finally, controller design and results analysis are carried out in Section V.
II. IWSRM MODEL AND CHARACTERISTICS A. IWSRM MODEL
Two different types of IWSRM are divided according to rotor position, outer-rotor IWSRM and inner-rotor IWSRM. Outer-rotor IWSRM has great potential to be applied in EVs because of its simple structure. Therefore, a 16/20 outerrotor IWSRM, which was designed and optimized in our previous study [9] , is selected in this paper. Fig. 1 shows the structure of this IWSRM and the detailed parameters are listed in Table 1 .
B. BASIC EQUATIONS OF SRM
According to electric circuit principle, the voltage equation of the kth phase is expressed as
where, U k , i k , R k , and k are phase voltage, phase current, phase resistance, and phase linkage of the kth phase, respectively.
The phase linkage can be obtained as
where, L k denotes the phase inductance, θ k is the position angle of the kth phase. The mechanical equation is expressed as follows based on mechanics principle
where, J is moment of inertia; K refers to friction coefficient; T L means load torque; and represents motor speed.
Conventionally, SRM works based on the minimal reluctance principle. Namely, the adjacent rotor pole is attracted to the exciting stator for minimizing the reluctance of the magnetic path. For the IWSRM as shown in Figure 1 , the outer rotor poles signed by 1 have movement trend towards stator poles of phase A because of minimal reluctance principle, when the phase A is excited. The continue electromagnetic torque can be generated as the phases are excited one by one. Furthermore, the radial force between exciting stator and adjacent rotor always exists as long as one or more phases of SRM are excited. Theoretically, these radial forces balance each other as they are of equal magnitude and in opposite directions due to the geometrical symmetry of SRM. However, the air gaps of SRM at various positions are commonly different from each other due to radial loads and machining tolerances. Therefore, an unbalanced radial force could be generated once the symmetric structure of SRM is changed. For outer-rotor IWSRM, the unbalanced radial force F rk of phase k can be calculated by FEA method and illustrated in Fig. 2 , where β k is the angle formed by coordinate Z and stator pole center line of phase k. Thanks to the symmetric structure of the 16/20 IWSRM, four radial forces (F rk1 , F rk2 , F rk3 , and F rk4 ) are generated and applied to the poles of exciting phase. As a result, four vertical components (F rk-Z 1 , F rk-Z 2 , F rk-Z 3 , and F rk-Z 4 ) can be resolved, which is shown in Fig. 2 . It should be noted that only two vertical components are listed because of the symmetric structure. Therefore, the total vertical component F rk-Z of the unbalanced radial force, which plays an important role in effecting vibrations of wheels, suspensions, and vehicle body for EVs with IWSRM, can be expressed as
Considering the four-phase 16/20 SRM in this paper, the total vertical unbalanced radial force F r-Z of the motor is calculated as
Furthermore, a small eccentricity can lead to a high unbalance radial force because the air gap is too short. Considering the requirements of vehicle comfort performance, the unbalanced radial force of IWSRM caused by motor eccentricity will directly result in vibrations of wheels, suspensions, and even vehicle body. In order to describe motor eccentricity by means of structure parameters, a relative eccentricity ε is expressed as
where e is the absolute eccentricity in the radial direction under condition of asymmetric air gap distribution. g 0 denotes air gap distance between stator and rotor pole without eccentricity as shown in Fig. 3 . It is the schematic diagram of rotor eccentricity for IWSRM, which shows relative position of rotor and stator. Thereinto, Os and Or are geometrical center of stator and rotor, θ is the rotor position angle, and α is the angle of eccentricity direction. It should be noted that the maximum relative eccentricity of an in-wheel motor can achieve to 30 to 60 percent [29] , [31] .
III. EFFECTS OF ECCENTRICITY ON MOTOR PERFORMANCE A. EFFECTS OF ECCENTRICITY ON RADIAL FORCE
In order to evaluate the effects of eccentricity on the radial force of the IWSRM, the unbalanced radial forces are computed at various rotor position angles and eccentricity ratios by using FEA method. The unbalanced radial force rated to position angles and eccentricity ratios are shown in Fig. 4 , where the rotor eccentricity angle and phase current are fixed to 90 degrees and 12 A in the FEA process, respectively. It can be seen from the Fig. 4 that the unbalanced radial force can increase sharply at each rotor position as eccentricity ratio is enlarged. Besides, the maximum value of unbalanced radial force appears at rotor position of 9 degrees, which is the minimum reluctance position for the 16/20 IWSRM. Consequently, the eccentricity ratio has dominant influence on the unbalanced residual radial force which will directly result in vibration for vehicles. Furthermore, the unbalanced radial forces caused by eccentricity angles are calculated with eccentricity ratio and phase current fixed to 30 percent and 12 A, which are shown in Fig. 5 . It can also be seen that the maximum unbalanced radial force will be obtained at minimum reluctance position, and the force can increase greatly when the eccentricity angle goes up at the same rotor position. Therefore, the eccentricity angle also significantly contributes to the unbalanced radial force of IWSRM.
B. EFFECTS OF ECCENTRICITY ON MOTOR TORQUE AND INDUCTANCE
It is necessary to study the IWSRM torque and inductance under condition of eccentricity, because they are important for modeling motor drive system. Therefore, as shown in Fig. 6 and 7 , phase torques are analyzed and obtained by FEA considering different eccentricity ratios and angles. The phase current is fixed to a constant of 12 A for both conditions, while eccentricity angle and ratio are arranged to 90 degree and 10 percent, respectively. It can be obviously seen that the torques basically keep the same at different eccentricity ratios and angles. Meanwhile, the eccentricity ratio and angles merely influence torque performance. Fig. 8 and 9 present the phase inductance under condition of various eccentricity ratios and angles, respectively. With the same parameter setting with indicator of motor torque, it can be seen that the phase inductance curves with respect to position angles are nearly coincident under various eccentricity ratios and angles. Therefore, the torque and inductance model of IWSRM can be analyzed and obtained without considering the effects of motor eccentricity, on the basis of analyzing above.
IV. EFFECTS OF UNBALANCED RADIAL FORCE ON VEHICLE DYNAMICS
A quarter vehicle model, including suspension, motor stator, motor rotor, and wheel, is established in Fig. 10 to analyze effects of IWSRM on vehicle dynamics. Given that the wheel of vehicle and the rotor of IWSRM are installed together rigidly and denoted by the rotor-wheel. Similarly, the combination of stator and bearing is defined to be stator-bearing. As shown in Fig. 10 , m b , m sb , and m rw are the mass of vehicle body, stator-bearing, and rotor-wheel; c t and c s are the damping of tire and suspension; k s , k t , and k sb are the stiffness of suspension, tire, and bearing; x b , x sb , x rw , and x z are the radial displacement of vehicle body, stator-bearing, rotor-wheel, and road;F d is the total unbalanced radial force generated by eccentricity.
The vibration equations of the m b , m sb , and m rw are expressed as Equation (7), as shown at the bottom of this page.
In order to analyze the effects of unbalanced radial force on vehicle dynamics, Equation (8), as shown at the bottom of this page, is obtained after a Laplace transform is performed for (7) .
Thereby, the transfer functions of sprung mass displacement and vertical acceleration relative to unbalanced radial force are defined as H b (S) and H A (S), which can be expressed as Equation (9), as shown at the bottom of this page. The vehicle parameters are listed in Table 2 and the response characteristics of vehicle caused by unbalanced radial force are illustrated as shown in Fig. 11 , which is the response performance of sprung mass vertical acceleration. It can be seen from Fig. 11 that the response of sprung mass vertical acceleration increases first and then decreases with the frequency of radial force, which reaches the maximum value at the frequency of 2 Hz. In other words, the vibration effects due to unbalanced radial force on vehicle vertical dynamics are obvious at low frequency, especially from 2 Hz to 60 Hz.
As a typical direct current motor, SRM couldn't work without a special power converter, which regularly excites each phase of the motor with the help of a control unit. Therefore, one of the features for SRM is working step by step, which +c t S +k sb +k t )−k sb (k s +c s S))(k 2 sb S 2 −S 2 (m sb S 2 +c s S +k s +k sb )(m rw S 2 +c t S +k sb +k t )) 2 ((k s +c s S) 2 (m rw S 2 +c t S +k sb +k t )+k 2 sb (m b S 2 +c s S +k s )−(m b S 2 +c s S +k s )(m sb S 2 +c s S +k s +k sb )(m rw S 2 +c t S +k sb +k t )) 3 (9) VOLUME 8, 2020 can result in a periodic exciting frequency. For an outer rotor SRM used for direct driving system of EV, IWSRM has an excitation frequency computed as
where, N r is the pole number of motor rotor. v is the vehicle speed in m/s. r is the radius of wheel. ω is the motor rotation speed. According to Equation (10), the mathematic relation between excitation frequency and vehicle speed is illustrated as Fig. 12 . It can be seen that the excitation frequency of IWSRM increases linearly as vehicle speed rises, and the motor excitation can spread into the vehicle resonance frequency domain shown in Fig. 11 . Consequently, for the low speed region of vehicle, IWSRM tends to generate additional vibrations for the vehicle with direct drive system. Furthermore, as mentioned in [32] , the excitation frequency of motor is close to the tire noise resonance frequency in a high range, which could directly result in noise increasing. Therefore, suppression methods of these negative effects of IWSRM on vehicle, directly caused by unbalanced radial force, should be investigated and performed to improve vehicle comfort performance.
V. CONTROLLER DESIGN OF IWSRM AND RESULTS ANALYSIS A. MODEL OF MOTOR BODY
An IWSRM model needs to be established as shown in Fig. 13 , according to basic equations of SRM expressed in Section II. The current model shown in the figure, which is a function of inductance L and voltage U , can be derived from Equation (1) and (2) . It also mentioned that the torque and inductance model can be established by ignoring motor eccentricity, which is investigated and explained in Section III. The torque and inductance model of the fourphase 16/20 IWSRM, which are obtained based on phase current and position angle, are illustrated in Fig. 14 a) and b), respectively. Furthermore, as shown in Fig. 4 and 5 , the net unbalanced radial forces can be calculated with respect to various eccentricity ratios and angles. Taking eccentricity ratio of 10% and eccentricity angle of 90 degrees for example, the net unbalanced radial force model is obtained and shown as Fig. 14 c) .
B. DESIGN OF CONTROLLER
Generally, three common control methods are mainly used for SRM drive system, i.e. current chopping control (CCC), pulse width modulation (PWM), and angle position control (APC). CCC is always used to start motor with maximum torque output, which can decrease the starting time. Meanwhile, PWM is normally applied when the speed of SRM exceeds basic speed, which can improve the steady performance. As a supplementary method for SRM, APC can be employed under all speed range to improve the dynamic performance of SRM. However, in order to suppress the vertical vibration of the vehicle, these three methods and their combinations need to be conducted and applied reasonably based on working conditions. In order to achieve the speed and vibration control of EV, Fig. 15 is the block diagram for controlling IWSRM under four control strategies developed in this paper. The vehicle speed is controlled by means of a PID controller based on reference speed and vehicle speed. CCC control of phase current is performed by using a hysteresis controller with a current chopping limit value of i, and PWM control is achieved through a PWM controller with inputting sampling rate and objective voltage.
As shown in Fig. 15 a) and c), CCC method and PWM method, which are respectively named CCC and PWM control, are established to execute speed control of the IWSRM for EV drive. To suppress the vertical vibration of EV, sprung mass acceleration is considered as an additional control objective and is employed with CCC and PWM method, which are shown as CCC with feedback control (CCC-F) and PWM with feedback control (PWM-F) in Fig. 15 b) and d) .
It should be noted that effects of turn-on and turn-off angles on body acceleration are analyzed under CCC and PWM control conditions, which are shown in Fig. 16 a) and b). Furthermore, optimized APC model is obtained based on minimizing body acceleration and then combined into strategy CCC-F and PWM-F as shown in Fig. 15 b) and d) . The optimization function for CCC and PWM method is determined as
where, θ on and θ off are turn-on and turn-off angle, which are the design variables; a z represents vertical body acceleration; θ on−opt and θ off−opt mean optimized turn-on and turn-off angle.
C. RESULTS AND ANALYSIS
The dynamic analysis results of four control strategies under starting condition are shown as Fig. 17 , where body vertical acceleration, vehicle speed, tire deflection, and air gap offset are presented, respectively. It can be seen from Fig. 17 a) that the peak body vertical acceleration under CCC, CCC-F, PWM, and PWM-F are 0.760 m/s 2 , 0.484 m/s 2 , 0.602 m/s 2 , 0.364 m/s 2 , respectively. Therefore, the two proposed strategies are effective for decreasing vertical vibration. Compared to CCC, PWM method performs well in attenuating vertical acceleration as phase current increment under PWM is smoother than that under CCC. In order to suppress body vertical acceleration under starting condition for EV, PWM method should be applied to accelerate motor at low speed, although CCC method is generally used at low speed for SRM. As a result, PWM-F is the most effective strategy to improve the vibration performance because of the minimum peak value of body vertical acceleration. For tire deflection and air gap offset shown in Fig. 17 b) and c), PWM-F method also has the best control effect according to comparisons of peak values among four strategies. The peak tire deflection under PWM-F is 0.121 mm, reducing 30.46%, 10.37%, and 22.93% comparing with that under CCC, CCC-F, and PWM. Regarding motor air gap offset, the peak value under PWM-F is 0.029 mm with a fall of 34.09%, 9.37%, and 27.5%. With the feedback control strategy, the starting speed changes a little as shown in Fig. 17 d) , although the vertical vibration performance is improved. The starting time from 0 to 5 m/s is 3.93s, 4.29s, 4.36s, and 4.86s under CCC, CCC-F, PWM, and PWM-F control, respectively. Therefore, the control strategies could be selected according to the drive models of EV, such as comfort, normal, and sports mode, which could meet various requirements of vehicle. Furthermore, it should be noted that the driving resistance force of the vehicle could be decreased because of the reduction of vertical acceleration when the feedback control strategies are performed. However, comparing to the normal strategies, the output torque generated by IWSRM is decreased more because of less conducting time for each phase of the motor under feedback control as sh. As a result, the accelerating performance under PWM-F and CCC-F decreases compared with that under PWM and CCC. Moreover, it can be seen that the frequency of sprung mass acceleration is a little higher than that of normal condition due to the high frequency unbalanced radial force. Because, the frequency of IWSRM airgap offset, shown in Fig. 17 c) , is high enough and could result in higher frequency of unbalanced radial force.
Considering the potential uncomfortable feeling of passengers caused by vertical acceleration, the weighted RMS acceleration under each control strategy is calculated and the results are 0.096 m/s 2 , 0.082 m/s 2 , 0.098 m/s 2 , and 0.093 m/s 2 , respectively, which are all too low to cause uncomfortable feeling for passengers.
To quantificationally evaluate the performance of proposed control strategies, they are studied under two driving conditions with target speeds of 5 m/s and 15 m/s. Furthermore, root mean square (RMS) values are obtained and presented in Table 3 for body acceleration, tire deflection, and air gap offset. It can be seen that the proposed two control strategies (CCC-F and PWM-F) outperform the other two (CCC and PWM) in vertical vibration reduction and the PWM-F is the most effective one. As a result, the PWM-F method is the best choice to control IWSRM to accomplish comfort driving mode of vehicle. However, CCC-F could be considered as a better compromise to achieve comprehensive balance between vertical vibration and vehicle power performance, which is suitable for normal driving mode. For sports driving mode, CCC method could be selected because of the best accelerating performance.
According to the performance of each strategy obtained after analyzing above, a comprehensive switchable controller of IWSRM considering various drive modes, is proposed and shown in Fig. 19 . Among them, CCC, CCC-F, and PWM-F could be selected to perform the control of IWSRM on the basis of sports mode, normal mode, and comfort mode, respectively. The controller can meet various requirements from drivers and passengers, and achieve a comprehensive balance between dynamic performance and vibration performance of EV.
VI. CONCLUSION
In this paper, the effects of eccentricity ratio and angle of an IWSRM on unbalanced radial force, inductance, and torque were investigated based on a four phase 16/20 SRM applied for EV. The quarter vehicle model of the EV and the IWSRM model were established considering unbalanced radial force performance. Combining with an optimized APC model obtained based on minimizing body acceleration, two IWSRM control strategies (CCC-F and PWM-F) considering vehicle vertical acceleration as an additional control objective are developed and compared with CCC and PWM control strategies. The analysis results show that the proposed control strategies are of great significance for suppressing vertical vibration. The PWM-F control is the most effective method to decrease vertical vibration, CCC control shows best accelerating performance, while CCC-F control could be considered as a better compromise to achieve comprehensive balance between vertical vibration and vehicle power performance. Furthermore, considering various drive modes of EV, a comprehensive switchable controller of IWSRM varying as drive modes is proposed under low speed condition which could achieve a comprehensive balance between dynamic performance and vibration performance of EV. He 
